The aim of this paper is to present the results of the investigation into the applications of carbon nanotubes with ferromagnetic nanoparticles as nanoheaters for targeted thermal ablation of cancer cells. Relevant nanoparticles' characteristics were exploited in terms of their functionality for biomedical applications and their magnetic properties were examined to determine heat generation efficiency induced by the exposure of the particles to an alternating magnetic field. The influence of the electromagnetic field on the human body tissues was assessed, providing quantitative measures of the interaction. The behavior of a liquid containing magnetic particles, during the exposure to the alternating magnetic field, was verified. As for the application for the ferromagnetic carbon nanotubes, the authors investigated temperature distribution in human liver tumor together with Arrhenius tissue damage model and the thermal dose concept.
Introduction
The magnetic fluid hyperthermia (MFH) is a new and promising therapeutic technique. It works by increasing the temperature in the area of tumor, which triggers the natural mechanisms of self-destruction of the cells called apoptosis. Classical methods of hyperthermia suffer serious problems related to focusing the temperature rise at tumor area, and thus they cause side effects for the patient. In case of the MFH, it is different because the heating energy is provided directly to the target region. This is done by means of magnetic nanoparticles that are placed in the patient's body. When the nanoparticles are exposed to an alternating magnetic field with properly chosen frequency, the superparamagnetic heat phenomenon is observed.
Authors have assumed that a magnetic fluid with known ferromagnetic carbon nanotubes concentration was delivered directly to a tumor. It can be done when the location and extent of the tumor are known and it is easily accessible for delivery, for example, through an injection. Moreover, it is assumed that magnetic nanoparticles, together with tumor region, create homogeneous composite and their physical parameters are expressed in the form of effective ones. Moreover, we have not considered the power density due to the eddy currents as they are negligible regarding the heating of the injected magnetic fluid. On the other hand, the authors are conscious that eddy currents are important when talking about inductive heating. The maximum power density values in the body are determined by the size of the body, and so is the distance between the applicator and the skin. But this phenomenon will not be discussed in this study.
Synthesis of Ferromagnetic Carbon Nanotubes
There exists an extensive research on magnetic nanoparticles (MNPs) heated in a magnetic field as a tool for destroying cancer [1] [2] [3] [4] [5] [6] . Among different kinds of MNPs, carbon nanotubes have gained interest of scientists due to very promising 2 Journal of Nanomaterials physical properties. The nanotubes have the advantage over other MNPs. Their quasi-one-dimensional shape renders them more efficient in terms of heat generation due to higher coercivity and saturation of magnetization of the CNTs as compared to spherical particles [7, 8] .
The most common methods for carbon nanotubes (CNTs) synthesis are various types of chemical vapor deposition (CVD) and arc discharge methods. In CVD methods, gases containing carbon are usually used as a source of carbon for CNTs formation. In arc discharge methods, carbon comes from graphite anode. In the arc reactors, two types of carbon nanotubes can be collected: single-wall carbon nanotubes (SWNTs) and multiwall carbon nanotubes (MWNTs). MWNTs are usually located inside the cathode deposit. The syntheses of SWNTs need application of catalysts and they are deposited on the reactor walls, especially on the top of the reactor and in the anode area.
In CVD methods, the carbon for formation of carbon nanotubes is delivered in gaseous form. Two most common methods of carbon introduction into the system are application of hydrocarbons such as ethylene and acetylene. Gases with carbon gas decompose in high temperature and form carbon structures such as carbon nanotubes. Another group of CVD systems employ catalysts with carbons in solid or liquid state. Catalysts vaporize and are deposited as carbon nanotubes on substrates.
An Experiment
The method used for ferromagnetic carbon nanotubes synthesis was chemical vapor deposition with the tube furnace. As the carbon source ethylene was chosen, ferrocene was used as the catalyst. In the experimental setup, shown in Figure 1 , four gases such as argon, helium, hydrogen, and ethylene were used and introduced into the furnace which was divided into three zones. In the first zone, inside the quartz tube, there was placed a catalyst in a ceramic boat. Relatively low temperature of this zone (500 K) allows for slowing evaporation of catalyst containing iron and carbon. The second zone was for regulation of the reaction time (500-1000 K). Too low temperature caused lack of catalyst decomposition. In the third zone, there was a silicon plate, substrate on which the CNTs should be deposited. The temperature of the third zone was about 1000 K. These parameters allowed for formation of carbon nanotubes with iron nanoparticles (Fe-CNTs). The scheme of Fe-CNT's formation is presented in Figure 2 .
Carbon nanotubes collected from the substrate (and from the quartz tube walls) are contaminated with soot and amorphous carbon. To purify the final product, an oxidation in high temperature (700 K) was used. Carbon impurities oxidize in low temperatures. Carbon nanotubes due to their thermal properties are resistant to temperatures up to 1000 K [11] .
Results
Carbon nanotubes produced by this method were characterized by their ability to generate heat caused by the electromagnetic field with known parameters, that is, frequency and magnetic flux density. Moreover, to investigate if the thermal oxidation was an appropriate method of purification, thermogravimetric test was done. The iron contamination in the sample was estimated by EDS analysis. It was found that 5-15 wt% of iron was found in CNTs synthesized at temperatures 1000-1100 K. The iron spontaneously filled carbon nanotubes in different ratios. Some of the iron nanoparticles were attached to the surface outside the nanotubes (Figure 3) .
Although fulfillment of the nanotubes has a much larger volume, the majority of molecules placed outside the nanotube have the size of nanometers. It was calculated that average diameter of iron nanoparticles was 10.3 nm. To estimate the diameter of nanotubes, dynamic light scattering (DLS) has been used. Multiwalled carbon nanotubes synthesized by this method have length around 30-50 m and diameter of 30-60 nm.
To determine the cytotoxicity ferromagnetic carbon nanotubes and their effects on cell, viability tests on the cell lines were conducted. A variety of carbon nanotubes concentration in the culture cell medium was prepared in the range of 5-500 mg/L. There was no significant influence of CNTs on cell viability. It indicates that they are inert to the cells. After functionalization (ligands conjugation to the carbon nanotubes structure) and attachment to the cells, they will have a selective destructive effect on cancer cells in the electromagnetic field.
The interaction of magnetic nanoparticles with the electromagnetic field depends on the particles' properties, their morphology, and suspending medium (if present), as well as the field parameters. Combining all the above factors, various magnetic loss mechanisms can be distinguished. Knowing the mechanism, the quantity of heat generated by a certain amount of particles can be calculated per one period of oscillating field. The quantity is generally referred to as Specific Magnetic Loss Energy (SMLE). In order to obtain the overall heating capacity of a given particle amount in a specific field, the Specific Loss Power (SLP) is calculated, by multiplying SMLE with the frequency of the field applied. In different magnetic loss mechanisms, the SLP is estimated using various relations.
Ferromagnetic-doped CNTs in the form of powder produce heat when exposed to an alternating magnetic field. The atomic dipoles' alignment, as a response to the magnetic field, can be represented by a hysteretic dependence of magnetization (M) versus magnetic field strength (H). The heat generation is a result of hysteresis losses due to the reversing of magnetization [12] [13] [14] .
Ferromagnetic nanoparticles generate heat in cases when an applied magnetic field is stronger than the coercivity that is applied. This is the reason why the low coercivity nanoparticles are preferred. Ferromagnetic carbon nanotubes are able to generate heat with the application of low magnetic fields [15] . In hyperthermia applications, the applied magnetic field ranges from 10 mT to about 25 mT at a frequency of kHz. The high frequency is required to avoid pain. The small field will only partially magnetize the nanoparticles. In kHz frequencies, AC loss effects are also significant. Figure 4 shows the hysteresis loops for the sample obtained from CVD system for temperature 300 K. They are compared to the hysteresis loops for the sample without iron ( Figure 5 ). As a reference sample, Nanocyl NC 7000 has been used. As expected, the carbon nanotubes with ferromagnetic nanoparticles show a significant hysteresis compared to ferromagnetic properties of multiwall carbon nanotubes from the market.
The amount of heat generated by the magnetic nanoparticles is commonly expressed in terms of the SAR, which is understood as the power generated per unit mass of magnetic material in the solution. SAR is given by where is the heat capacity of the colloid, sample is the mass of the sample, Fe is the mas of iron oxide in the sample, and Δ /Δ represents the heating rate. The volumetric energy dissipation rates ext and SAR are related by
where Fe is the mass of iron oxide per unit volume, is the volume fraction on iron oxide, and Fe is the density of iron oxide. It is very important to note that (2) is accurate if the heat capacity of the nanoparticles is in thermal equilibrium with its surroundings at the start of the experiments. Otherwise, heat flow to/from the environment can confound the measurements [16] .
On the other hand, the SAR parameter for the same magnetic fluid will change when measured in AC magnetic field systems with different frequencies and strengths, as can be deduced from the formula for volumetric power dissipation [5] :
where 0 is the permeability of free space, is the out-ofphase (imaginary) component of susceptibility, and is the applied magnetic field strength.
CNT's Dispersion in Aqueous Media
In our case, the magnetic fluid was prepared by ferromagnetic carbon nanotubes dispersion in aqueous media. Due to their insolubility in any sort of solvents resulting from strong Van der Waals forces, extremely high aspect ratio, and flexibility of the particles, the particles tend to form bundles or agglomerates [17] [18] [19] . The dispersion is achieved by ultrasonication. The examined Fe concentrations were from 5 to 75 mg/mL, whereas the average magnetic particle diameter was 10.3 nm. Moreover, ferromagnetic nanotubes were DMSA stabilized and dispersed in distilled water. The heating properties of the ferrofluid were measured using Nanotherics Magnetherm system. The system consists of a function generator and a power amplifier and it is monitored by oscilloscope. During measurements, the sample was placed in a coil enclosure and the temperature was measured with a fiberoptic temperature sensor. The data collected by the sensor are shown in Figure 6 at frequency = 530 kHz.
In order to validate the measured data, the numerical investigation was prepared and the results of both the numerical and the experimental investigations were compared. The numerical model of the Magnetherm system was prepared using Semcad X software (Figure 7) . During the experiments, the 9-turn coil leading current rms = 43 [ ] was used. The numerical axisymmetric model of the 40 mm diameter copper's coil can be seen in Figure 8 .
To calculate a magnetic flux distribution in the coil, the low frequency solver was applied. In our case, we have used the low frequency magnetoquasistatic algorithm where the electric field E is calculated in the lossy ( domain, whereas the magnetic field H is calculated overall. The magnetic flux distribution in the middle cross-section can be seen in Figure 9 . It can be seen that the sample is exposed to a uniform magnetic field and it can be assumed that the sample is uniformly heated.
Temperature Distribution in Biological Cell Hyperthermia Cancer Treatment

Thermal Problem.
For heat transfer in biological tissues in this study, Pennes' bioheat transfer equation was used [20] :
where is the tissue density, is tissue specific heat, is the density of blood, is blood specific heat, is tissue thermal conductivity, is blood perfusion rate, is arterial blood temperature, and met is metabolic heat source. The cooling associated with the heat exchange with environment was imposed in the form of Robin's boundary condition; that is,
where ℎ is the heat transfer coefficient and ext is the external temperature.
In the case of magnetic fluid hyperthermia, the ext term is the power density (the energy deposition) due to heating of the magnetic fluid in an AC magnetic field. In this study, the authors have used the SAR value received from experiments to numerically investigate a temperature distribution in the anatomically correct human model. A special attention has been paid on the model of the tumor region with magnetic fluid, where the values for the electrical conductivity , the density , the heat capacity , and the thermal conductivity have been calculated as the effective one as follows:
Journal The effective specific heat is as follows:
The effective thermal conductivity is as follows:
and the effective electrical conductivity is as follows:
where subscript MF indicates magnetic fluid. That means that the tumor region was treated as a homogeneous composite. Moreover, a blood heat capacity = 4.05 ⋅ 10 6 and liver metabolic heat met = 11.37 W/m 3 were used in the Pennes model.
The temperature distribution in the human tissues is determined by a number of thermophysical factors, such as heat capacity and thermal conductivity, the spatial geometry (anatomy), and heat production due to metabolism. There are high-resolution numerical phantoms based MRI imagines which can be used to predict thermophysical effects. In this work, the authors have used an anatomically correct model from Virtual Population [21] . The model represents a 26-yearold female, with 1.63 m height and 58.7 kg weight ( Figure 10 ). To numerically model a liver tumor, the sphere with radius = 15mm has been embedded in it. The properties of tissues were taken, obtained from the database of the IT'IS Foundation [22] and the calculations was fixed at a frequency of 530 kHz. The liver tumor electric and thermal properties were taken from the literature [9, 10] (see Table 1 ). In our case, the SAR = 41.8 W/kg.
Tissue Damage Model.
Apart from the temperature distribution, the Arrhenius model was used to estimate tissue damage as another parameter. In this model, it is assumed Table 1 : Electric and thermal properties of healthy liver and the one with tumor [9, 10] . that the biological damage depends on both temperature and time and can be quantified by the function of tissue injury Ω:
where is the absolute temperature, which is a function of ablation time, is the gas constant 8.314 J/(mol K)), is the frequency factor ( −1 ), and Δ is the energy activation for the irreversible damage reaction. Kinetic coefficients and Δ are presented in Table 2 . It should be underlined that Ω( ) is the damage integral, while = 1 − −Ω( ) and corresponds to a 63% probability of the death of cells if Ω( ) = 1. In other words, at Ω( ) < 1, the tissue is considered as a live one. When the CEM 43 value exceeds a critical threshold, the tissue is considered to be thermally necrosed. Thresholds for CEM 43 have been tabulated in the literature for several types of tissue based upon experimental observation of tissue injury at 43 ∘ C [24] [25] [26] [27] [28] . The critical thermal dose for liver tissue is CEM 43 = 340 minutes [29] . Once the temperature was determined at each time step, the CEM 43 was calculated. The tissue was considered to begin necrosis when this factor exceeded 40 minutes [30] , although significant degree of damage appears when cumulative equivalent is not less than 240 minutes [31] [32] [33] . Figure 11 shows the temperature distribution in the liver tumor after 1800 sec. The important observation in Figure 11 is the temporal evaluation of temperature at various points which is unsymmetrical. The effect of anatomy (the liver shape) can be seen in Figure 11 where it is shown that the maximum temperature is reached at the different locations, which may have an implication for expected treatment planning.
Results
The cumulative equivalent minutes for this case are shown in Figure 12 .
It can be observed that maximum temperature = 43.5 ∘ C in the middle of the tumor was reached after about 300 sek. (Figure 13 ). In Figure 14 , there are temperature profiles in the thermosensors symmetrically surrounding the tumor. In our numerical experiments, it was assumed that magnetic nanoparticles were dispersed homogeneously, but the temperatures on the tumor boundary did not have the same profiles. One should notice that the liver is surrounded Journal of Nanomaterials by different tissues and due to different perfusion rates the tumor boundaries will be cooled with various rates.
Conclusions
There are many methods of carbon nanotubes synthesis. The main methods employ high temperature (e.g., arc discharge method) and low temperature (e.g., chemical vapor deposition). Although both methods need purification of the results of synthesis, CVD method is preferred in this study. In our research, we used a ferrocene as a catalyst and to fill carbon nanotubes by iron. These carbon nanotubes work then as ferrofluids but in contrast to ferrofluids CNTs may be easily biofunctionalized and then can be introduced into the human body. Cancer cells overexpress folic acid (FA) as well as epidermal growth factor (EGF) receptors. Carbon nanotubes with FA and EGF show preference for binding to a cancer cell which is an advantage in relation to ferromagnetic fluids. Application of carbon nanotubes with ferromagnetic properties can be used in a radiofrequency thermal ablation. RF ablation therapy brings the lowest risk compared to the other techniques (e.g., surgery, chemotherapy) of tumor therapy. This method offers faster and more targeted treatment for liver cancer with fewer side effects. The absorption coefficient of radio waves by the human body is relatively low. Metals in the carbon nanotube absorb this energy much more efficiently than a tissue. In this paper, prediction of spatial temperature distribution in the anatomically correct human model has been presented. Based on experimental and numerical investigation, the power dissipation from ferromagnetic carbon nanotubes has been investigated. The authors have shown that the carbon nanotubes have the potential for the hyperthermia treatment.
From the numerical investigation presented above, one can conclude that, in terms of maximum temperature rise, the expected treatment outcome depends on the tissue distribution around the tumor.
